The prospects of searching for the flavor changing neutral current effect in the decay of t → Hc, H → τ τ are investigated with the simulated p − p collision data for the ATLAS detector at the LHC, where the Higgs mass is assumed to be 125 GeV. A fit based on the constraints from the Higgs mass and the tau decay kinematics is performed for each event, which improves significantly the Higgs and top mass reconstruction and helps the signal-background separation. Boosted Decision Trees discriminants are developed to achieve an optimal sensitivity of searching for the FCNC signal. An expected upper limit of the branching ratio B(t → Hc) at 95% confidence level of 0.25% is obtained with a data set of 100 fb −1 at √ s = 13 TeV during the LHC Run-2 period.
INTRODUCTION
In the Standard Model (SM), the flavour-changing neutral current (FCNC) interactions are extremely suppressed due to the Glashow-Iliopoulos-Maiani mechanism [1] . An enhancement of such FCNC processes may provide indirect evidence of new physics beyond the SM. The FCNC process has been searched for in the flavor physics such as B s → µµ [2] and in the vector boson mediated process of t → Zq [3] . After the discovery of the Higgs boson [4, 5] at the Large Hadron Collider (LHC), it is possible that the new scalar could be connected to the new physics. Searching for Higgs-related FCNC processes is an important way to study the Higgs' properties. In this context, the FCNC process of t → Hc becomes more interesting since the Higgs boson, with a measured mass m H = 125.09 ± 0.24 GeV [6] , is lighter than the top quark. The large mass of the t and c-quark could significantly enhance the t → Hc decay probability, leading to a measurable rate [7] [8] [9] .
The branching ratio of t → Hc, B(t → Hc), is predicted to be of the order of 10 −15 [10] [11] [12] [13] in the SM. This FCNC decay is enhanced in various SM extentions. For example, the two Higgs-doublet models (2HDM) predict that B(t → Hc) ranges 10 −5 up to 10 −3 [14] [15] [16] [17] [18] [19] [20] , which is already close to the measured upper limits, 0.56% [21] and 0.46% [22] from the CMS and ATLAS experiments respectively. Compared to the decay modes of H → γγ and H → bb, the Higgs mass can not be easily reconstructed in the decay mode H → τ τ , because of the presence of the neutrinos. Usually, the collinear approximation [23] [24] [25] or the Missing Mass Calculator (MMC) technique [26] is used. In this paper, we propose a method to improve the sensitivity for the decay mode H → τ τ based on the kinematic properties of the production pp → tt → W bHc with W → jj at the LHC. This result can be combined with the existing search modes for the best sensitivity. It can confirm the signal as a FCNC type in the case of discovery as the H → γγ does, and it does not suffer from the b-jet combinatorics as in the H → bb channel.
BACKGROUND ANALYSIS AND MC PRODUCTION
Assuming a CP-even Higgs according to the LHC measurements [27] , the following effective Lagrangian term is added to study the FCNC property of the Higgs boson.
where λ tcH is the coupling constant. The major SM backgrounds for the H → τ τ channel are tt (+ 0/1/2 jets), single top (tW − + c.c.) and Z/γ → ee/µµ/τ τ + heavy flavor jets (cc/bb + 0/1/2 jets). The tt cross section at 13 TeV is normalized to 820 pb at next-to-next-to-leadingorder (NNLO) for a top mass of 173 GeV [28] . The top quark, W boson and τ lepton decay inclusively. Other backgrounds, such as the multijet background, are significantly reduced by requiring a b-tagged jet and two τ 's, and are not considered. The tt + W/Z/H backgrounds are less than 1% of the top backgrounds. Therefore they are not considered as well. The signal shares the same production with the tt events, except that one top quark (t ort) decays to H + c/c, and the other decays into hadronic jets (t → W b → jjb). This is different from the FCNC search with the di-τ channel in Refs. [22, 29] , in which the other top decays leptonically and the Higgs mass could not be reconstructed. In this work, both the signal and background samples are generated with MadGraph5 [30] , the parton shower is provided by Pythia [31] , and the detector response is simulated by Delphes [32] . In the Delphes simulation, the leptons (e/µ) have combined tracking, reconstruction and identification efficiencies of 70-95% depending on the transverse momentum p T and pseudorapidity η. They are required to have a minimum p T of 15 GeV. As in the default settings in [32] , the b-tagging efficiency for real b-jets (c-jets) is 40-50% (10-20%) in the high p T region, with a flat fake efficiency of 0.1% for all other light jets [33] . No explicit c-tagging is used, as it is very hard to make a good separation between a c-jet and a b-jet. The hadronic τ identification efficiency is 40% for real τ 's, and is 1% for jets faking the τ [34]. They should have a minimum p T of 25 GeV. The anti-k t algorithm with a radius parameter 0.4 is used to cluster jets. These parameters are generally in accordance with the expected performance of the AT-LAS detector during LHC Run-1 period, based on which the current analysis is carried out.
EVENT SELECTION
In the initial event selection, exactly two tau candidates (e, µ, and the hadronic τ -jet) with opposite charge sign are required. To comply with the triggers, in the τ l τ l and τ l τ h channels, the leading e/µ should have p T > 20 GeV. Here τ l (τ h ) denotes the leptonic (hadronic) decay of the tau lepton. In the τ h τ h channel, the leading (subleading) τ h should have p T > 40 GeV (p T > 30 GeV). The leptons, τ and b-jets are only defined in the tracking volume with |η| < 2.5.
The missing transverse energy, / E T , is required to be larger than 20 GeV. To suppress the background, it is further required that the / E T centrality, C miss , is greater than zero as shown in Fig. 1 . The C miss is defined as
where φ l1,2 are the azimuthal angle of the two leptons (e, µ, or τ h ) in the transverse plane, and φ mis is the azimuthal angle of the missing energy. Figure 2 shows the distributions of the transverse momentum, p T , of the involved jets in the signal at the truth level. At the reconstruction level, all jets should have p T > 30 GeV with |η| < 4.5. They are required to not overlap with the leptons and τ 's. The energy and p T of all objects are smeared according to their experimental resolutions.
To comply to the signal topology, in each event, at least one jet should be tagged as a b-jet. If more than one jet is b-tagged, the one with the highest p T is identified as the b-jet candidate. If all jets from the top hadronic decay and the c-jet from t → Hc pass the jet selection, there should be at least four jets. However, as can be seen from Fig. 2 , there are chances that some jets have p T less than 30 GeV and may fail to pass the selection. The most likely missing jet is the subleading jet from W decay. These 3-jet events are still kept if the c-jet can be found and matched with the Higgs to reconstruct the top. It is done as follows. In the 3-jet events, if the three jets, denoted by j 1 , j 2 , b, satisfy
where the mass is in GeV, the event is discarded, as indicated in Fig. 3 . In these events, a good hadronic top is reconstructed, but the c-jet from the other top is missing. If Eq. (3) is not satisfied, the c-jet is identified by the least sum of angular distances, ∆R 3j , as indicated in Fig. 4(a) .
Here j W is the jet from W decay. ∆R(j 1 , j 2 ) is the angular distance of two objects defined as ∆R(j 1 , j 2 ) = (η j1 − η j2 ) 2 + (φ j1 − φ j2 ) 2 , with φ being the azimuthal angle.
For the events with at least four jets (denoted as 4-jet events), the three leading ones other than the b-jet are considered. Out of the three possible combinations that form the two sets of top decay products, the one with the least sum of angular distances, ∆R 4j , is chosen, as shown in Fig. 4(b) . The sum is defined as
where j 1,2 are the jets from the W decay. No explicit c-tagging is used, and as can be seen above, the c-jet is found through pure kinematic criteria such as ∆R.
In order not to dilute the signal extraction, and considering the relatively high fake τ rate and multiple jets in the signal events, the hadronic τ jet is required to be truth-matched in the signal, and the truth-matching efficiency (being 87%, 78% for τ l τ h , τ h τ h respectively) is included in the signal acceptance. If either of the τ 's is mis-matched, both the Higgs mass and the top mass will not be reconstructed correctly, which makes the signal events background-like.
To improve the rate of c-jet matching with the cparton, the helicity angle of the Higgs, θ H , is studied. For the decay t → Hc, θ H is defined as the angle between the momentum of the top quark in the laboratory frame and the momentum of the Higgs in the center-of-mass frame of the top quark. Fig. 5 shows the distributions of cos θ H for the events with m bj1 > 170 GeV, where m bj1 is the invariant mass of the b-jet and the leading jet presumably from the W decay. Compared to the distribution of cos θ H with the c-jet correctly matched to the c-parton, the excess around ±1 in the falsely matched events is due to the b-jet being mis-identified as the c-jet candidate. Therefore, if the Higgs helicity angle satisfies cos θ H < −0.8 or cos θ H > 0.5 for the events with m bj1 > 170 GeV, the b-jet candidate and the c-jet candidate are exchanged. This improves the c-jet matching rate by 2%.
After these steps, the final fraction of signal events with the c-jet matched to the c-parton is found to be around 37%.
With the selection conditions described above applied, the expected numbers of the signal and background events for a data set of 10 fb −1 in different signal regions are summarized in Tab. I. Since the τ 's in this study are highly boosted objects, the neutrino(s) from the tau decay tends to be aligned with the visible decay products (charged leptons or hadronic τ -jet). Assuming that the visible and invisible parts are collinear, the invisible momentum for each of the two τ 's can be uniquely determined using the measured / E T . Thus the invariant mass of the tau lepton pair, m col H , can be reconstructed with an efficiency loss [23] [24] [25] . However, with the MMC which is widely used in the ATLAS analyses involving τ 's, one can have a better di-τ mass reconstruction by taking the τ decay kinematics into account.
In light of the idea in the MMC, the probability distribution of the angular distance of the visible and invisible decay products in the tau decay, denoted by P(∆R), can be parametrized as a function of the transverse momentum of the tau lepton. In the τ l mode where two neutrinos are present, it is extended to be the joint probability distribution of ∆R and m mis with m mis being the invariant mass of the neutrinos, denoted by P(∆R, m mis ). The probability density functions, P(∆R) and P(∆R, m mis ), are obtained from the Monte Carlo (MC) simulation. To determine the 4-momenta of the invisible decay products of the tau decays, we reconstruct the following χ 2 in Eq. 6, based on the probability functions above and the constraints from the tau mass, the Higgs mass and the measured / E T .
Here, the free parameters scanned are the 4-momentum components of the invisible decay products for each tau decay. In the τ h mode, only three momentum components are scanned since a single neutrino is massless. m / E T resolution is taken to be σ mis = 0.53 √ ΣE T (ΣE T , defined in GeV, is the E T sum of all visible objects in an event). The invisible 4-momenta are obtained by minimizing the combined χ 2 for each event. Compared to Ref. [26] , the 3 th to 5 th terms in Eq. 6 are new in our analysis. In [26] , the two τ mass constraint terms are used when solving for the other unknowns. In our approach, we allow resolutions of the τ mass terms, taking into account the resolutions on the τ visible energy measurements. By adding the Higgs mass constraint term in the kinematic fit, not only is the Higgs mass resolution improved, but also the resolutions of the Higgs boson's four-momentum, and the mass of the top from which the Higgs comes. Figure 6 shows the performance of the kinematic constraints. In Fig. 6, (a) and (b) show the distributions of the reconstructed Higgs mass using the collinear approximation and in this work respectively. The reconstructed Higgs mass resolution is improved from 16 GeV using the collinear approximation, to 11 GeV after the kinematic fit. Fig. 6(c) and (d) show that the resolution of the / E T improves from 14 GeV before the kinematic fit, to 11 GeV after it for the signal. Whereas for the background, it deteriorates from 14 GeV to 19 GeV. It is also reflected in the distributions of the / E T projections, ∆ / E are shown in Fig. 6 (e) and (f) respectively.
Finally, Fig. 7 shows the distributions of the reconstructed top mass (m Hc ) from the decay t → Hc, in the signal and background. We can see that it is a good quantity to distinguish the signal from the background. In Fig. 7 the top mass distribution with the c-jet failing to match the c-parton in the signal is also shown. For signal events with c-jet matched to the truth, the reconstructed top has a mass resolution of 14 GeV.
RESULTS BASED ON THE MULTI-VARIATE ANALYSIS
In this section, we investigate the sensitivity of probing B(t → Hc) using one of the Multi-Variate Analysis (MVA) methods, the Gradient Boosted Decision Trees (BDT) method [35, 36] . The BDT output score is in the range between -1 and 1. The most signal-like events have scores near 1 while the most background-like events have scores near -1. As shown in Tab. I, the signal purity is different for different decay modes (τ l τ l , τ l τ h and τ h τ h ) and for different event topologies (3-jet events and 4-jet events). To maximize the overall sensitivity, the signal region is thus divided into 6 categories, shown in Tab. I. In each of them, the Gradient BDT method is used for signal-background separation. A number of variables as the BDT inputs are used to train and test events in each signal region for maximal signal acceptance and background rejection. They are listed in Tab. II. Here are the definitions of these variables which are not yet introduced:
1. m vis is the invariant mass of the visible decay products of the tau lepton pair. As shown in Fig. 8(a) , the tt events have a much wider m vis distribution than the signal, whereas the Z background events give rise to a small peak around the Z mass.
2. m T1 (m T2 ) is the transverse mass calculated from the leading (sub-leading) tau candidate and the / E T for the τ l τ l and τ h τ h modes. In the τ l τ h mode, m T1 (m T2 ) is the transverse mass from the charged lepton (τ -jet) and the / E T . The background distribution is wider than the signal distribution as shown in Fig. 8(b) and (c).
3. m bj1 is the invariant mass of the b-jet and the leading jet presumably from the W decay. As shown in Fig. 8(d) , for the signal events, m bj1 is most likely smaller than the top mass while the background events have a wider distribution.
4. m l1j1 is the invariant mass of the leading tau candidate and the jet which has the smallest angular distance with the tau candidate. For the tt events with both tops decaying leptonically, m l1j1 tends to be smaller than the top mass, as indicated by Fig. 8(e) .
p T,l1 (p T,l2
) is the transverse momentum of the leading (sub-leading) tau candidate (e/µ/τ -jet).
A example of the p T,l1 distribution is shown in Fig. 8(f) . 
6. x fit 1,2 is the momentum fraction carried by the visible decay products of the tau calculated using the best-fit 4-momentum of the neutrino(s). For the τ h decay mode, the visible decay products carry most of the tau energy since there is only a single neutrino in the final state, which is evident in the excess around 1 in Fig. 8(g ) and (h).
7. m j1j2b is the invariant mass of the b-jet and the two jets from the W decay and is the top mass for the decay t → W b → j 1 j 2 b. In the signal events, the top mass is visible as in Fig. 8(i) .
The signal and background samples are divided into two halves, with one for BDT training and the other for testing. The normalized BDT score distributions are shown in Fig. 10(a)-(b) . The signal acceptance versus background rejection efficiency curve based on the BDT distributions in the τ l τ l 4-jet category is shown in Fig. 9 as a demonstration. The curves from both the training and test samples are shown in the same figure. The BDT parameters are set such that overtraining is not serious, and at the same time the BDT performance is not much compromised. The final results are based on the BDT distributions from the test samples. To highlight the importance of the variables ∆ / E proj T , / E perp T and the Higgs mass constraint in Eq. 6 introduced in this analysis, the BDT performance without using them is also studied. It is found that the background rate will increase by about 12% (25%) with a signal efficiency of 90% in the τ l τ h 4-jet category without the Higgs mass constraint (without the Higgs mass constraint, ∆ / E proj T
and / E perp T
). A simultaneous fit is carried out in all six signal regions with the six BDT score discriminants. Since the signal and tt background come from the same production process, the signal yield in each region, n sig , can be expressed as a function of the branching ratio, B(t → Hc), and the number of tt events, n tt .
where ε sig and ε tt are the selection efficiencies of the signal and the tt background. By taking the relative ratio of the signal to the tt background, many systematics, such as the luminosity uncertainty, tt production cross section uncertainty, parton-density-function (PDF) uncertainty, and the factorization/renormalization scale uncertainty, can be cancelled or reduced. One of the main systematics is the fraction of fake τ events, which affects the ratio ε sig /ε tt , and can only be studied with dedicated control samples from data. The Z/γ → ll background strongly depends on the b-tagging efficiency and the mis-tag rate (a light jet tagged as a b-jet). It is fixed in the fit, since its fraction is small and its normalization can be determined from the Z → ee/µµ mass peak. The main systematics affecting the results are the τ energy scale (TES, 3%), the jet energy scale (JES, 3%), and the H → τ τ branching ratio (5.7%). They contribute to both the BDT shape and event normalization systematics. To derive the upper limit on the branching ratio of B(t → Hc), the profile likelihood ratio, [37, 38] , is used as the test statistic, where µ is just B(t → Hc), and θ represents the nuisance parameters, namely, the background yields, TES, JES and B(H → τ τ ). Theμ andθ are the parameter values that maximize the likelihood, andθ µ is the value that maximizes the likelihood for a given value of µ being scanned. Figure 11 shows the expected upper limit at 95% confidence level (CL) of B(t → Hc), as a function of the integrated luminosity. The numerical upper limits are also given in Tab. III. The analysis is able to probe B(t → Hc) down to 0.25% with a data set of 100 fb −1 at √ s = 13 TeV. To estimate the degree of improvement of our method, we try to scale the CMS/ATLAS experimental results of t → Hc at 7/8 TeV to their expected values with a luminosity of 100 fb −1 at 13 TeV, based on the fact that the upper limit (B up ) scales with the luminosity and cross section as B up ∝ ( √ σL) −1 : 100 fb −1 at 13 TeV extrapolated from Eq. 8. The upper limit obtained in this work is better than the CMS/ATLAS results involving τ 's in the final state.
The reconstruction performance of the Higgs mass and the top mass is crucial to establish the observed signal as a true FCNC process. Figure 12 shows an example of the expected mass distributions with an integrated luminosity of 100 fb −1 , where B(t → Hc) = 1% is assumed. In Fig. 12 , each event entry is weighted by ln(1 + S/B), which is determined by the signal (S) and background (B) predictions for each BDT bin.
CONCLUSIONS
To conclude, based on a fit taking into account the Higgs mass constraint and the τ decay kinematics, both the Higgs mass and the top mass in the decay t → Hc, H → τ τ can be reconstructed with good resolutions. Together with other discriminating variables, a BDTbased analysis shows that B(t → Hc) can be probed down to 0.25% with a data set of 100 fb −1 in LHC Run-2. Thus, the coupling constant |λ tcH | < 0.096 is obtained according to the formula |λ tcH | = 1.92 B(t → Hq) in Ref. [22] . It is worth noting that the results in this analysis are based on the expected ATLAS performance in the Run-1 period, especially for the b-tagging, which is expected to improve in Run-2 due to the ATLAS inner detector upgrade [33] . The trigger acceptance is not studied in this analysis, whose impact can be somehow compensated by the fact that a large fraction of Run-2 data is expected to be taken at 14 TeV collision energy. The result can be combined with t → Hc, H → γγ/bb analyses in which the masses of Higgs and top are also reconstructed for discovery, and can be further combined with the tri-lepton searches where these masses are not reconstructed for exclusions. The method introduced here can be applied equally well to the t → Hu decay process, as no explicit c-tagging is used in this work. 
